We investigate the impact of fiber chromatic dispersion on the performance of an externally modulated millimeter-wave fiber-radio system incorporating a broadband radio direct-sequence code division multiple access Ž . DS-CDMA scheme. In particular, we investigate the effect of dispersion on DS-CDMA signals with regard to CDMA code rate, center frequency, and modulator chirp. We show that the spreading of the signal spectrum using DS-CDMA can result in significant reductions in data amplitude variations normally experienced in externally modulated millimeter-wave fiber-radio systems. We also demonstrate the successful transmission of a 10-Mbrs data channel over a 39-GHz fiber-radio link employing DS-CDMA and consisting of 25 km of standard optical fiber and a 1-m radio link. ᮊ
INTRODUCTION
A promising technology for the provision of future broadband interactive multimedia services in local access and mobile applications is via a network of millime-Ž . ter-wave mm-wave radio systems operating at frequencies such as 28, 42, and 60 w x GHz 1, 2 . The large propagation losses at these frequencies, however, significantly Ž . reduce the radio coverage area per antenna base station BS , so that a large number of BSs may be required. The development of simple, low-cost antenna BSs is therefore essential for the implementation of mm-wave radio networks. The use Ž . of optical fiber for the distribution of the radio signals from a central office CO to remote antenna sites can greatly simplify the mm-wave radio network architecture. In such fiber-radio systems, the mm-wave radio signals are generated at the CO with equipment shared between BSs, and no local oscillators or mixers required at the BSs. The architecture also enables a centralized control between w x BSs, which can improve the utilization of network resources 3 . Previously reported implementations of mm-wave fiber-radio systems have employed frequency Ž . Ž . division multiple access FDMA , time division multiple access TDMA , or a w x combination of these two schemes 4᎐7 . The impact of fiber chromatic dispersion on the transmission performance of the radio signals using external optical modulation in these schemes is critical, since dispersion can cause severe RF power variations between BSs. These dispersion-induced variations can be modeled for w x FDMA and TDMA schemes using the analysis given by Schmuck 8 and Smith et w x al. 9 since the frequency bandwidth occupied by a single radio channel is narrow.
Ž . There is also much interest in radio code division multiple access CDMA schemes for lower frequency applications in both cellular mobile and satellite communications, due to the advantages of larger system capacity and tolerance to w x multipath effects 10, 11 . It has also been shown in lower cellular frequency fiber-radio CDMA demonstrations that since a smaller carrier-to-noise ratio is required in CDMA systems, less stringent characteristics are required for the w x optical link components 12, 13 . In this paper, we propose the application of radio CDMA operating at mm-wave frequencies for use in broadband fiber-radio sys-Ž . tems. In direct-sequence CDMA DS-CDMA radio systems, each radio channel is spread over a large frequency band by mixing the signal with a high-speed code. Each channel occupies the same large frequency band by using spreading codes which are orthogonal. Since each channel now occupies a broad frequency spectrum, the effect of fiber chromatic dispersion on the detected RF power of the w x radio signal reported in 8, 9 is no longer valid. In this paper, we investigate the dispersion effects in externally modulated mm-wave fiber-radio systems that transport broadband DS-CDMA signals. In particular, we experimentally examine the effects of modulator chirp, CDMA code rate, radio frequency, and fiber length on the recovered data. We show that the broad spreading of the radio spectrum employed in DS-CDMA can reduce the impact of fiber chromatic dispersion. We also experimentally demonstrate the transmission of a radio DS-CDMA signal at Ž . 39.1 GHz over 25 km of standard single-mode fiber SMF and a 1-m radio link.
DISPERSION EFFECTS IN FIBER-RADIO SYSTEMS INCORPORATING EXTERNAL MODULATION
The simplest technique for the optical generation and distribution of an RF signal modulated with data is an intensity modulation scheme via direct or external modulation of a laser. Since direct modulation suffers from the effect of laser frequency chirp and poor modulation bandwidth, externally modulated optical fiber links are the preferred choice. When the optical signal from a laser is intensity modulated by applying an RF signal to a conventional external intensity modulator, the output optical field comprises the optical carrier and two narrow sidebands w x which contain the radio signal 8, 9 . When this optical signal is detected using a Ž . photodiode PD , the optical sidebands beat with the carrier to generate two RF photocurrents which represent the recovered signal. However if the optical signals are transmitted over fiber, chromatic dispersion causes each optical sideband to experience a different phase shift, which varies with fiber length, radio frequency, and fiber dispersion parameter. These relative optical phase shifts result in a phase difference between the two generated RF photocurrents, which can reduce the power of the detected RF signal. As the modulation frequency increases, the effect of dispersion is even more pronounced and the RF power reduces rapidly for particular fiber link distances.
Chirp in the external modulator will also influence the dispersion effects in externally modulated systems as it indicates the phase of the output optical signals from the modulator. We have previously examined the effect of modulator chirp w x when transporting high frequency signals in fiber-radio systems 9 . Here the influence of modulator chirp on the effects of dispersion can be quantified by relating the chirp to the ␣ parameter which describes the ratio of phase to amplitude modulation. Since ␣ affects the phase of the optical spectral components, it will also affect the power amplitude, P , of the generated radio frequency f w x f, after the photodetector via 9
where L is the fiber length, D is the chromatic dispersion parameter, c is the Ž . speed of light, and is the wavelength of the optical carrier. Equation 1 c indicates that the detected RF power reduces to zero when the argument of the cosine is r2 and that these dispersion power nulls also vary with ␣. Figure 1 illustrates the cyclic variation in detected RF power due to fiber dispersion for modulation frequencies from 35᎐40 GHz, normalized with respect to the recovered power at the modulator output. The transmission distance simulated in Fig. 1 is 25 km. The figure shows that large dispersion-induced RF power nulls occur within the frequency band and that the position of these power nulls is dependent on the chirp of the modulator.
DISPERSION EFFECTS IN FIBER-RADIO DS-CDMA SYSTEMS
As described earlier, the spectrum of each narrowband data channel in a DS-CDMA radio network is spread across a broad frequency range using orthogonal spreading codes. Such schemes provide better system performance in the w x presence of multipath fading 10, 11 . This tolerance to multipath propagation effects is also the key to reducing the effect of dispersion in a fiber-radio system employing DS-CDMA. In an analog optical link the different phase delay through the fiber for each optical modulation sideband is analogous to a radio channel with two different wireless propagation paths. By spreading the signal spectrum over a wider frequency band, the probability of complete signal cancellation is reduced in the radio environment, and the amount of expected RF power cancellation due to dispersion will also be reduced.
The experimental setup shown in Fig. 2 was implemented to study the impact of dispersion in mm-wave fiber-radio DS-CDMA systems. The optical CW power from a DFB laser was modulated using a dual-electrode Mach-Zehnder modulator Ž . w x MZM 14 , driven so that the modulator chirp was either y1.0 or 1.0. The broadband radio DS-CDMA signals applied to the MZM comprised a 10-Mbrs, 15 Ž . 2 y 1 data pseudorandom bit sequence PRBS which was spread in the frequency domain via multiplication with a high-speed code sequence. The CDMA signal was then used to modulate the phase of a 2.5-GHz local oscillator in order to Ž . Ž . generate an intermediate frequency IF binary phase-shift keyed BPSK signal. This was further upconverted to a mm-wave frequency using a subharmonically Ž . pumped image-reject mixer SHPIRM , amplified to q10 dBm and then applied to   FIG. 2 . Experimental setup of mm-wave radio DS-CDMA signal transmission over optical fiber to investigate fiber dispersion effects. both RF electrodes of the dual-electrode MZM. In this investigation, the CDMA code rates ranged from 50 to 500 Mbrs, with the ratio between the code and data rates corresponding to CDMA processing gains of 5 to 50. The dependence of the dispersion-induced power penalty on the RF center frequency was also examined Ž . by varying the local oscillator LO frequency for upconversion to mm-wave frequencies between 38.9 and 39.5 GHz. The modulated optical signal was then Ž . transported over standard single mode fiber SMF of length 25 and 45 km. These link distances were selected for the experiment as they corresponded to regions near maximum and minimum RF power loss for narrowband signal transmission at the chosen mm-wave frequencies. After the fiber link the RF signals were recovered with a high-speed photodiode, amplified, and passed to a mm-wave DS-CDMA receiver. This receiver consisted of a two-stage down-converting process: mm-wave frequency to intermediate frequency and then to baseband. The oscillator signals required for the downconversions were phase-locked to the received signal using Ž . phase delays ⌽ and ⌽ , while the CDMA code was synchronized to the received 1 2 Ž . spread spectrum ⌽ and multiplied to recover the 10-MBrs data channel. Figure 3 shows the measured oscilloscope traces for a 100-Mbrs code sequence, 10-Mbrs data sequence, and the resulting DS-CDMA spread spectrum sequence after the code and data sequences were convolved in the IF mixer. The CDMA sequence shows that at the transition between ''1s'' and ''0s,'' a phase change in the spread spectrum signal results. Figure 4 shows the corresponding RF spectrum when this signal is upconverted to a mm-wave frequency of 39.1 GHz.
In order to quantify the impact of fiber dispersion in the mm-wave radio DS-CDMA optical link, the vertical opening of the recovered eye diagram after transmission through the two fiber lengths was measured as a function of the Figures 5c and 5d show results for a 45-km optical link with ␣ values of 1.0 and y1.0, respectively. At each center frequency, the CDMA code rate was varied to give different amounts of frequency spreading. The figures illustrate the relationship between the data eye opening and the power penalty for each set of link parameters. When the radio center frequency is close to a position of minimum RF Ž . power loss e.g., 39.1 GHz in Fig. 5a , the recovered eye opening decreases with increasing CDMA code rate since the channel information is spread further into Ž . regions of increasing RF power loss toward the dispersion power null . How-Ž ever, when the center radio frequency is near a point of large RF power loss e.g., . 39.5 GHz in Fig. 5c , the opposite situation occurs and the recovered eye opening increases with code rate, since the channel information is now spread away from the dispersion power null toward regions of decreasing RF power loss.
A comparison of the results in Figs. 5a, 5c and Figs. 5b, 5d also indicates that if the modulator chirp is increased toward large and positive values, a smaller processing gain can achieve equivalent eye openings. This is an effect of the reduced width of the dispersion power null for positive chirp values, as illustrated in Fig. 1 . Figure 6 further highlights these results by extrapolating the measured results from Figs. 5a᎐5d to compare the predicted maximum and minimum data Ž eye openings corresponding to dispersion-induced RF power peaks and nulls, . respectively at each CDMA code rate and various modulator chirp values, for fiber lengths greater than 25 km. The maximum data amplitude of 1.2 V was determined from the measured results at a frequency of 39.1 GHz, 25-km fiber Ž . length, and code rate of 50 Mbrs Fig. 5a . The point where both the maximum and minimum eye openings equal 1.2 V corresponds to where dispersion has no effect, as shown by point A in Fig. 6 . In addition, the solid line in Fig. 6 represents the ideal condition where dispersion causes only a data amplitude penalty and the Ž maximum and minimum eye openings are still equal no dispersion-induced ampli-. tude variation . The point where the maximum amplitude is 1.2 V and the minimum is 0 V is also indicated, point B in Fig. 6 , since this is the case where fiber dispersion causes a maximum variation in the recovered data amplitude, and corresponds to the dispersion effects observed in narrowband FDMA systems. The figure shows that as the code rate, the expected data amplitudes approach the line for no dispersion-induced amplitude variations, indicating that DS-CDMA systems can minimize the effects of dispersion-induced data amplitude variation. These results indicate that unlike standard externally modulated FDMA systems which benefit from minimal dispersion effects, for DS-CDMA systems, improvements can also result from large dispersive transmission. This dispersive transmission can be achieved by transmitting through greater lengths of fiber, or by employing fiber with large positive chromatic dispersion parameter. Figure 7 illustrates the fiber-radio link that was implemented to transport broadband radio DS-CDMA from a CO to a remote antenna BS, with wireless Ž . distribution to a customer unit CU . The optical CW power from a 1550-nm DFB laser was modulated using a MZM driven by a mm-wave broadband radio DS-CDMA transmitter. This transmitter comprised a 10-Mbrs, 2 15 y 1 data pseudorandom bit sequence which was spread in the frequency domain via multiplication with a 500-Mbrs code sequence, resulting in a CDMA processing gain of 50. The DS-CDMA signal was then used to modulate the phase of a 2.5-GHz local oscillator and further upconverted to 39.1 GHz as outlined in the description for Fig. 2 . An erbium-doped fiber amplifier was used to increase the optical power before transmission over 25 km of SMF. At the remote BS, the RF DS-CDMA Ž . signal was recovered with a high-speed photodiode PD , amplified, and then Ž . transmitted over a 1-m radio link limited by experimental setup via microstrip patch antennas. To recover the data at the CU, the received RF signal was first downconverted to IF and then to baseband. The 10-Mbrs data were recovered by mixing this baseband CDMA signal with the chip sequence. A BER of less than 10 y9 was achieved for the link, and the corresponding measured eye diagram is shown in Fig. 8b . The electrical back-to-back eye diagram is also shown in Fig. 8a for comparison. The ringing in the ''1's'' and ''0's'' is due to the phase response of the low-pass filters at the output of the IF downconverting mixer.
FIBER-RADIO DS-CDMA LINK DEMONSTRATION

CONCLUSIONS
We have investigated the impact of fiber chromatic dispersion on the performance of an externally modulated mm-wave fiber-radio system employing radio DS-CDMA. The dependence of the recovered data on the center frequency, the DS-CDMA code rate, and the chirp parameter of the modulator was examined. It was shown that the opening of the recovered eye diagram near an expected RF power null in the dispersion characteristic increases, while it decreases near RF power peaks, with larger DS-CDMA code rates. This indicates that the large data amplitude variation normally experienced in externally modulated mm-wave fiberradio systems can be significantly reduced in CDMA systems. It was also shown that this improved dispersion performance could be more easily achieved by using longer lengths of SMF, or fiber with more positive chromatic dispersion parameter, since a lower code rate is required to achieve an equivalent eye opening. The experimental configuration was also used to demonstrate a mm-wave fiber-radio link that incorporated broadband radio DS-CDMA. A BER of less than 10 y9 was obtained for a 39-GHz broadband 10-Mbrs signal after transmission over 25 km of SMF and a 1-m radio link.
